The newly discovered transactivation function of ErbB4 receptor tyrosine kinase is believed to be mediated by virtue of the ability of its proteolytically-cleaved intracellular domain (ICD) to physically associate with YAP2 transcriptional regulator. In an effort to unearth the molecular basis of YAP2eErbB4 interaction, we have conducted a detailed biophysical analysis of the binding of WW domains of YAP2 to PPXY motifs located within the ICD of ErbB4. Our data show that the WW1 domain of YAP2 binds to PPXY motifs within the ICD in a differential manner and that this behavior is by and large replicated by the WW2 domain. Remarkably, while both WW domains absolutely require the integrity of the PPXY consensus sequence, non-consensus residues within and flanking this motif do not appear to be critical for binding. In spite of this shared mode of binding, the WW domains of YAP2 display distinct conformational dynamics in complex with PPXY motifs derived from ErbB4. Collectively, our study lends new insights into the molecular basis of a key proteineprotein interaction involved in a diverse array of cellular processes.
Introduction
A key member of the receptor tyrosine kinase (RTK) family, ErbB4 is comprised of a central single-helical transmembrane (TM) domain flanked between an N-terminal extracellular domain (ECD) and a C-terminal intracellular domain (ICD) (Fig. 1a) . Upon stimulation with its extracellular ligand heregulin or in response to TPA (12-O-tetradecanoylphorbol-13-acetate)-induced activation of protein kinase C, the ErbB4 receptor tyrosine kinase undergoes intracellular proteolytic cleavage by g-secretase [1, 2] . This coupled event culminates in the release of ICD and marks the initiation of ErbB4 intracellular signaling. Notably, the ICD of ErbB4 harbors putative PPXY motifs (designated PY1, PY2 and PY3)dthe chemical baits that serve as recognition sites for the recruitment of WWcontaining proteins such as YAP (YES-associated protein) transcriptional regulator [3, 4] , WWOX (WW-containing oxidoreductase) tumor suppressor [5] , and ITCH ubiquitin ligase [6] . The physical association between YAP and ICD facilitates translocation of the latter to the nucleus [3] , where it is believed to regulate the transcription of hitherto unidentified target genes involved in key cellular processes including embryonic development [7] . While YAP acts as transcriptional co-activator of ErbB4, interaction with WWOX not only results in the cytoplasmic sequestration of ICD but also suppresses its transcriptional co-activation by YAP [5] . On the other hand, binding to ITCH promotes polyubiquitination and degradation of ErbB4, thereby regulating its stability and the availability of ICD for subsequent transcriptional regulation in the nucleus [6] . The concerted action of WWOX and ITCH thus antagonizes the co-activation function of YAP by virtue of their ability to bind to the ICD of ErbB4 in a competitive manner.
Originally identified as a binding partner of YES tyrosine kinase [8] , YAP is comprised of two major isoforms termed YAP1 and YAP2, also referred to as YAP1-1 and YAP1-2 on the basis of new nomenclature [9] . While YAP2 contains a tandem copy of WW domains (termed WW1 and WW2) located N-terminal to the transactivation (TA) domain (Fig. 1b) , WW2 domain is deleted in YAP1 through RNA splicing [10] . In addition to its key role in Abbreviations: ErbB4, erythroblastic (Erb) leukemia viral oncogene homolog B4; ITC, isothermal titration calorimetry; ITCH, ubiquitin ligase itchy homolog; LIC, ligation-independent cloning; MM, molecular modeling; PPII, polyproline type II (helix); RTK, receptor tyrosine kinase; SEC, size-exclusion chromatography; SH3, Src homology 3; SLS, static light scattering; TPA, 12-O-tetradecanoylphorbol-13-acetate; YAP, YES-associated protein; WWOX, WW-containing oxidoreductase.
mediating the transactivation function of ErbB4 receptor tyrosine kinase [3, 4] , YAP also serves as a transcriptional regulator of a multitude of cellular factors including p73, RUNX, TEAD, LATS1, ErbB4 and, in particular, plays a key role in mediating the Hippo signaling pathway [11e18]dinvolved in regulating the size of organs and in the suppression of tumors through inhibiting cellular proliferation and promoting apoptosis. Consistent with these observations, YAP-knockout in mice results in embryonic lethality [19] . Most importantly, the YAPeICD interaction is mediated by the canonical binding of WW domains of YAP to PPXY motifs located within the ICD of ErbB4 (Fig. 1a and b) . It should be noted here that ICD of ErbB4 is a much more potent co-activator of YAP2 than YAP1 [3] . This finding most likely argues in favor of a multivalent interaction between the tandem WW domains of YAP2 and PPXY motifs within ICD. In an effort to uncover the molecular basis of YAPe ErbB4 interaction, we report herein a detailed biophysical analysis of the binding of WW domains of YAP2 to PPXY motifs located within the ICD of ErbB4. Briefly, our data show that the WW1 domain of YAP2 binds to PPXY motifs within the ICD in a differential manner and that this behavior is by and large replicated by the WW2 domain. Remarkably, while both WW domains absolutely require the integrity of the PPXY consensus sequence, nonconsensus residues within and flanking this motif do not appear to be critical for binding. In spite of this shared mode of binding, the WW domains of YAP2 display distinct conformational dynamics in complex with PPXY motifs derived from ErbB4.
Materials and methods

Protein preparation
WW1 domain (residues 171e205) and WW2 domain (residues 230e264) of human YAP2 were cloned into pET30 bacterial expression vectors with an N-terminal His-tag using Novagen ligation-independent cloning (LIC) as described earlier [20] . Recombinant proteins were subsequently expressed in Escherichia coli BL21*(DE3) bacterial strain (Invitrogen) and purified on a Ni-NTA affinity column using standard procedures [20] . Further treatment on a Hiload Superdex 200 size-exclusion chromatography (SEC) column coupled in-line with GE Akta FPLC system led to purification of WW domains to apparent homogeneity as judged by SDS-PAGE analysis. Final yield was typically between 50 and 100 mg protein of apparent homogeneity per liter of bacterial culture. Protein concentration was determined spectrophotometrically on the basis of extinction coefficients calculated for each protein construct using the online software ProtParam at ExPasy Server [21] .
Peptide synthesis
12-mer wildtype and mutant peptides spanning various PPXY motifs within the ICD of human ErbB4 were commercially obtained from GenScript Corporation. The wildtype sequence of these peptides is shown in Fig. 1a . The peptide concentrations were measured gravimetrically.
Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments were performed on a Microcal VP-ITC instrument and data were acquired and processed using the integrated Microcal ORIGIN software. All measurements were repeated at least three times. Briefly, WW domains of YAP2 and ErbB4 peptides were dialyzed in 50 mM sodium phosphate, 100 mM NaCl, 1 mM EDTA and 5 mM b-mercaptoethanol at pH 7.0. The experiments were initiated by injecting 25 Â 10 ml aliquots of 4 mM of each peptide from the syringe into the calorimetric cell containing 1.46 ml of 40e60 mM of each WW domain at 25 C. The change in thermal power as a function of each injection was automatically recorded using the ORIGIN software and the raw data were further processed to yield binding isotherms of heat release per injection as a function of molar ratio of each peptide to WW domain construct. The heats of mixing and dilution were subtracted from the heat of binding per injection by carrying out a control experiment in which the same buffer in the calorimetric cell was titrated against each peptide in an identical manner. To extract the binding constant (K d ) and binding enthalpy (DH), the ITC isotherms were iteratively fit to a one-site model by non-linear least squares regression analysis using the integrated ORIGIN software as described earlier [22, 20] . The free energy change (DG) upon peptide binding was calculated from the relationship:
where R is the universal molar gas constant (1.99 cal/K/mol) and T is the absolute temperature. The entropic contribution (TDS) to the free energy of binding was calculated from the relationship:
where DH and DG are as defined above.
Circular dichroism
Far-UV circular dichroism (CD) measurements were conducted on a Jasco J-815 spectropolarimeter thermostatically controlled at 25 C. Briefly, ErbB4 peptides were dialyzed in 10 mM sodium phosphate at pH 7.0 and experiments were conducted on 100 mM sample of each peptide. Data were collected using a quartz cuvette with a 2-mm pathlength in the 185e255 nm wavelength range and with a slit bandwidth of 2 nm at a scan rate of 10 nm/min. All data were normalized against reference spectra to remove the contribution of buffer. Each data set represents an average of four scans acquired at 0.1 nm intervals. Data were converted to mean 
where Dε is the observed ellipticity in mdeg, c is the peptide concentration in mM, and l is the cuvette pathlength in cm.
Molecular modeling
Structural models of WW1 and WW2 domains of YAP2 in complex with a peptide containing the PY3 motif located within the ICD of ErbB4 (ErbB4_PY3) were built using the MODELLER software based on homology modeling [23] . In each case, four NMR structures of WW domains of YAP bound to peptides containing the PPXY motif were used in a multi-template alignment fashion (PDBIDs 2LAW, 2LTV and 2LTW and 1JMQ). A total of 100 atomic models were calculated and the structure with the lowest energy, as judged by the MODELLER Objective Function, was selected for further analysis. The atomic models were rendered using RIBBONS [24] .
Molecular dynamics
Molecular dynamics (MD) simulations were performed with the GROMACS (version 4.54) software [25] using the integrated AMBER99SB-ILDN force field [26] . Briefly, the structural models of WW1 and WW2 domains of YAP2 in complex with ErbB4_PY3 peptide were each centered in a cubic box and explicitly hydrated with a water layer that extended 10 A (box size) from the protein surface along each orthogonal direction using the extended simple point charge (SPC/E) water model [27, 28] . The ionic strength of solution was set to 100 mM with NaCl and the hydrated structures were energy-minimized with the steepest descent algorithm prior to equilibration under the NPT ensemble conditions, wherein the number of atoms (N), pressure (P) and temperature (T) within the system were kept constant. The Particle-Mesh Ewald (PME) method [29] was employed to compute long-range electrostatic interactions with a spherical cut-off of 10 A and a grid space of 1.6 A with a fourth order interpolation. The Linear Constraint Solver (LINCS) algorithm was used to restrain bond lengths [30] . All MD simulations were performed under periodic boundary conditions (PBC) at 310 K using the leap-frog integrator with a time step of 2 fs. For the final MD production runs, data were collected every ns over a time scale of 1 ms.
Results and discussion
WW domains of YAP2 bind to PPXY motifs in ErbB4 in a differential manner
To understand the molecular basis of YAP2eErbB4 interaction, we analyzed the binding of WW domains of YAP2 to various ErbB4 peptides containing PPXY motif using ITC ( Fig. 2 and Table 1 ). Our analysis shows that both WW1 and WW2 domains recognize all three PPXY motifs in a physiologically-relevant manner with affinities in the order of tens of micromolar. However, both WW domains appear to preferentially bind to ErbB4_PY3 peptide as evidenced by an affinity that is two-fold greater relative to that observed toward the ErbB4_PY1 and ErbB4_PY2 peptides. Such differences in binding are further reflected in the underlying thermodynamics. Thus, while the binding of both WW domains of Yap2 to ErbB4_PY3 peptide is driven by favorable enthalpic forces accompanied by unfavorable entropic changes, the role of enthalpy becomes increasingly less important in mediating binding to ErbB4_PY1 and ErbB4_PY2 peptides, wherein entropic penalty is either completely eliminated or also contributes favorably to binding. These observations suggest the differential role of intermolecular forces such as hydrogen bonding, ion pairing and van der Waals contacts in driving the binding of YAP2 to specific PPXY motifs in ErbB4.
In order to uncover the origin of the differential binding of WW domains of YAP2 to various PPXY motifs within ErbB4 (Table 1) , we next carried out alanine scan on the ErbB4_PY3 peptide and measured the binding of each mutant peptide to WW domains as described above (Tables 2 and 3 ). Intriguingly, our data reveal that The upper panels show the raw ITC data expressed as change in thermal power with respect to time over the period of titration. In the lower panels, change in molar heat is expressed as a function of molar ratio of corresponding peptide to WW1 domain. The red solid lines in the lower panels show the fit of data to a one-site binding model using the integrated ORIGIN software as described earlier [22, 20] . Note that the consensus residues within the PPXY motif of each peptide are colored blue for clarity. Binding stoichiometries generally agreed to within AE10%. Errors were calculated from at least three independent measurements. All errors are given to one standard deviation. Note that the alanine substitutions within the ErbB4_PY3 peptide are colored red and the consensus residues blue for clarity. Binding stoichiometries generally agreed to within AE10%. Errors were calculated from at least three independent measurements. All errors are given to one standard deviation. NBD indicates no binding observed. Note that the alanine substitutions within the ErbB4_PY3 peptide are colored red and the consensus residues blue for clarity. Binding stoichiometries generally agreed to within AE10%. Errors were calculated from at least three independent measurements. All errors are given to one standard deviation. NBD indicates no binding observed.
alanine substitution of non-consensus residues within and flanking the PPXY motif within the ErbB4_PY3 peptide does not dramatically affect the binding of WW domains. This finding suggests that non-consensus residues within and flanking the PPXY motifs are not critical for driving the YAP2eErbB4 interaction but they may be important for stabilizing the conformation of PPXY peptides. It should however be noted that a number of positions appear to play an important but not critical role. Thus, alanine substitution of P À 1 (PY3_A À 1) and P þ 2 (PY3_A þ 2) results in the reduction of binding affinity of both WW domains to ErbB4_PY3 peptide by two-fold. This implies that both WW domains have a preference for a proline at the À1 and þ2 positions. While the À1 position is occupied by a proline in all three ErbB4 peptides, the þ2 position in ErbB4_PY1 and ErbB4_PY2 peptides is replaced by non-proline residues. Thus, the binding of WW domains of YAP2 to ErbB4_PY3 peptide with higher affinity relative to ErbB4_PY1 and ErbB4_PY2 peptides could in part be due to the lack a proline at the þ2 position in the latter peptides.
In particular, the importance of a proline at the þ2 position may be accounted for by the virtue of its ability to buttress the polyproline II (PPII) helical conformation of ErbB4_PY3 peptide required for its optimal binding to WW domains [31e34]. This notion is indeed further corroborated by our far-UV CD analysis (Fig. 3) . Thus, while the far-UV spectra of all three ErbB4 peptides are characterized by the presence of a large negative band centered around 205 nm, they also exhibit a shoulder at 225 nm of varying intensity. These spectral features are well-documented for proline-rich peptides harboring random coil and PPII-helical conformations in equilibrium exchange, with the intensity of the 225-nm shoulder rapidly increasing with increasing degree of PPII-helical content [35, 36] . Importantly, the fact that the 225-nm shoulder appears to be much more pronounced in ErbB4_PY3 peptide is indicative of its higher PPII-helical content relative to the other two ErbB4 peptides. This could in part account for the preferential binding of WW domains of YAP2 to ErbB4_PY3 peptides. Accordingly, the binding of ErbB4_PY3 peptide to WW domains should be expected to encounter smaller entropic penalty compared to the other two peptides. Yet, our thermodynamic analysis suggests otherwise (Table 1) . We believe that such discrepancy is probably reflective of the fact that the overall change in thermodynamic parameters is based on many other physical factors in addition the conformation of an individual binding partner. Thus, it is likely that the stronger binding of ErbB4_PY3 peptide to WW domains results in the complexes becoming more constrained so as to override the entropic advantage conferred by the PPII-helical conformation of the peptide. Equally importantly, binding of ErbB4_PY3 peptide to WW domains may also result in the greater entrapment of waters at interfacial surfaces and this would also be expected to reduce the favorable contribution of solvent release to the overall change in entropic penalty.
On the other hand, while alanine substitution of H þ 5 (PY3_A þ 5) augments binding affinity of WW1 domain to ErbB4_PY3 peptide by two-fold, a similar effect is not observed for the WW2 domain. This salient observation argues that the WW1 domain most likely prefers a non-bulky residue at the þ5 position. In short, our thermodynamic analysis shows that the WW domains of YAP2 bind to ErbB4 peptides in a differential manner with varying contribution of non-consensus residues within and flanking the PPXY motifs to the overall free energy of binding.
Structural models provide physical basis for the binding of WW domains of YAP2 to PPXY motifs within ErbB4
Our data presented above suggest that both WW domains of YAP2 bind to ErbB4 peptides in a manner that is more or less indistinguishable from each other. In order to understand the physical basis of such shared mode of binding, we modeled atomic structures of WW1 and WW2 domains in complex with ErbB4_PY3 peptide (Fig. 4) . Notably, these modeled structures were built on the basis of four known NMR structures of WW domains of YAP bound to PPXY-containing peptides in a multi-template alignment fashion [34, 37, 38] . Thus, the accuracy of these models can be relied upon with a high degree of confidence. Our models show that the PPXY peptide roughly adopts the PPII-helical conformation and binds within the hydrophobic groove on the concave face of the triple-stranded b-sheet fold of the WW domains in a canonical manner [31e34, 37, 38] . Notably, the C-terminus of the peptide undergoes a sharp 180 -bend so as to fold back onto the WW domains, a feature that somewhat mimics the formation of b-hairpin conformation observed in the binding of the template Smad peptides to YAP WW domains [37, 38] . More importantly, in agreement with our thermodynamic data presented above, only the consensus residues within the PPXY motif appear to be engaged in key intermolecular van der Waals contacts and hydrogen bonding with specific residues lining the hydrophobic groove of the WW domains ( Fig. 4a and b) . In particular, the engagement of ErbB4_PY3 peptide in such intermolecular contacts with the WW1 domain is almost indistinguishable from that observed with the WW2 domain ( Fig. 4a and b) . Thus, while the pyrrolidine moiety of P0, the first proline within the PPXY motif, stacks against the indole sidechain of W199 in WW1 domain, this contact is fully conserved due to the presence of W258 in the structurally-equivalent position within WW2 domain. In a similar manner, while the pyrrolidine moiety of P þ 1 is sandwiched by the sidechains of Y188/T197 in WW1 domain, the presence of Y247/T256 at the structurallyequivalent positions in WW2 domains extends the fidelity of this contact. Finally, while the L190/H192/Q195 trio in WW1 domain escorts the phenyl moiety of Y þ 3, this role is fulfilled by the relatively well-conserved structurally-equivalent I249/H251/K254 trio in WW2 domain. It is important to note here that, although within close proximity, the Hh atom of Y þ 3 within the ErbB4_PY3 peptide does not appear to engage in hydrogen bonding contacts with Nd1 atom of H192 and H251 located within WW1 and WW2 Fig. 3 . Far-UV CD spectra of ErbB4_PY1 (red), ErbB4_PY2 (green) and ErbB4_PY3 (blue) peptides. Note that the mean ellipticity, [q], was calculated using Eq. (3). domains, respectively. However, it is more likely that the Hh atom of Y þ 3 may hydrogen bond to the backbone O atom of H192/H251.
While non-consensus residues within and flanking the PPXY motif do not appear to engage in any discernable contacts with residues lining the concave binding groove of the WW domains, three flanking residues draw particular attention. Firstly, V À 3 within the PY3 peptide appears to be within van der Waals distance of the indole moiety of W199 in WW1 domainda feat that is also replicated via W258 in WW2 domain. Secondly, L À 2 within the PY3 peptide lies within van der Waals distance of Q186 within WW1 domain but this potential contact does not appear to be reproduced in the case of the WW2 domain. This distinguishing feature may in part result from the fact that the neutral Q186 within the WW1 domain is substituted by the acidic E245 at the structurally-equivalent position in WW2 domain. Thirdly, R þ 6 within the PY3 peptide seemingly lies within ion pairing and/or hydrogen bonding distance of E178 in WW1 domain. While the presence of E237 at the structurally-equivalent position ensures conservation of a glutamate within the WW2 domain, R þ 6 points away rather than toward E237. Given that these potential contacts made by the above-mentioned flanking residues largely reside on the periphery of WW domains, they are likely to represent transient rather than stable WWepeptide interactions in agreement with our thermodynamic data. Nevertheless, the varying contribution of flanking residues to the stabilization of PY3 peptide is likely to account for its differential binding to WW1 and WW2 domains (Table 1) .
In sum, our structural models provide the physical basis for the binding of WW domains of YAP2 to ErbB4_PY3 peptide, and by extension to other ErbB4 peptides, with very similar affinities. Although non-consensus residues within and flanking the PPXY motif make no discernable contacts with any residues within the WW domains, they may be important for stabilizing the PPII-helical conformation of the peptide, while others may be destabilizing either through their engagement in unfavorable contacts or by simply compromising the peptide conformation that best fits the hydrophobic groove within the WW domains. Such a scenario could account for the differential binding of each WW domain to ErbB4 peptides as noted in Table 1 .
WW domains of YAP2 display distinct conformational dynamics in complex with PPXY motifs within ErbB4
To further understand the molecular basis of the binding of WW domains of YAP2 to PPXY motifs within ErbB4, we next conducted MD simulations on the structural models of WW domains of YAP2 bound to ErbB4_PY3 peptide over a ms time scale (Fig. 5) . It is noteworthy that these modeled structures were built on the basis of four known NMR structures of WW domains of YAP bound to PPXY-containing peptides in a multi-template alignment fashion [34, 37, 38] . Thus, the accuracy of these starting models used in our MD simulations can be relied upon with a high degree of confidence and the associated dynamics should be reflective of the WWepeptide interactions at atomic level. Moreover, the choice of the starting structure in MD simulations is also important. Toward this goal, a total of 100 atomic models were calculated and the structure with the lowest energy, as judged by the MODELLER Objective Function, was selected for MD analysis. As shown in Fig. 5a , the MD trajectories reveal that both WW domains in complex with ErbB4_PY3 peptide reach structural equilibrium with a root mean square deviation (RMSD) for the backbone atoms of just over 3 A. This implies that both complexes are relatively flexible and that their overall dynamic behavior is comparable with no significant differences in agreement with our thermodynamic and structural data presented above. In order to further compare their dynamic behavior, we next deconvoluted the overall RMSD of each WWepeptide complex into its constituent components, namely the WW domain and the ErbB4_PY3 peptide (Fig. 5a ). Such analysis shows that while both WW1 domain and peptide rapidly reach structural equilibrium and exhibit remarkably similar dynamics to the overall WW1-peptide complex, the WW2 domain and its peptide counterpart follow significantly different trajectories compared to the WW2-peptide complex. Thus, while the peptide in association with WW2 domain appears to be somewhat destabilized relative to the WW2-peptide complex, this is largely offset by an equal but opposite behavior of WW2 domain. In particular, the WW2 domain undergoes slow dynamic relaxation upon binding to the peptide and becomes substantially more stabilized with an equilibrium RMSD value hovering just above 1 A. This argues that while both WW1 and peptide contribute more or less equally to the instability of WW1-peptide complex, the flexibility of WW2-peptide complex is largely due to the unstable peptide. These observations clearly suggest that while the overall dynamics of both WWepeptide complexes are comparable at equilibrium, the WW2 domain undergoes substantial relaxation to attain a thermodynamically more stable conformation upon ligand binding.
An alternative means to assess mobility and stability of macromolecular complexes is through an assessment of the root mean square fluctuation (RMSF) of specific atoms over the course of MD simulation. Such analysis for the backbone atoms of each residue within both the WW domains and the bound ErbB4_PY3 peptide is provided (Fig. 5b and c) . As expected, residues encompassing the Nand C-termini within both WW domains appear to be relatively destabilized. However, residues within the core region of WW2 domain are somewhat more stabilized relative to their counterparts within the WW1 domain, a feature particularly notable for b1eb2 loop. Thus, the molecular origin of the higher stability of WW2 domain relative to WW1 domain, as noted above, lies in the ability of core resides to adopt a more stable conformation as opposed to the stability of the termini. Unsurprisingly, the RMSF analysis also paints notable differences between the motional behavior of ErbB4_PY3 peptide in complex with WW1 and WW2 domains (Fig. 5c ), in agreement with the corresponding RMSD analysis presented above. Thus, while residues corresponding to the PPXY motif and those located C-terminal to this consensus sequence display similar fluctuations within both complexes, the C- Fig. 1a for nomenclature). The PPXY motif and the flanking residues are overlayed for reference.
terminal residues appear to be much more mobile in complex with the WW2 domain relative to WW1 domain. Taken together, our MD analysis lends new insights into how the motional properties of WWepeptide complexes fine tune their thermodynamic stability and binding.
3.4. WW1 and WW2 domains of YAP2 in complex with PPXY motifs within ErbB4 display remarkable similarities with respect to the stability of intermolecular contacts Prompted by their differential dynamics, we next assessed and compared the stability of intermolecular contacts between consensus residues within the PPXY motifs of ErbB4 and their counterparts within WW domains of YAP2 on the basis of our MD simulations (Fig. 6 ). In particular, our structural models presented above suggest that P0, P þ 1 and Y þ 3 within the PPXY motif may engage in van der Waals and hydrogen bonding contacts with specific residues located within WW1 and WW2 domains (Fig. 4) . Consistent with this observation, the intermolecular interaction between Cg pyrrolidine carbon of P0 within the PPXY motif and Nε1 indole nitrogen of W258 located within WW2 domain appears to be very stable with an equilibrium distance of around 5 A (Fig. 6a) . In contrast, this structurally analogous interaction between Cg pyrrolidine carbon of P0 within the PPXY motif and Nε1 indole nitrogen of W199 within WW1 domain undergoes substantial dynamic fluctuations with RMSD reaching as high as 10 A prior to stabilization. A remarkably similar trend is also observed for the intermolecular interaction between Cg pyrrolidine carbon of P þ 1 within the PPXY motif and Cz phenolic carbons of Y188 and Y247 located respectively within WW1 and WW2 domains (Fig. 6b) . On the other hand, the intermolecular interaction between Oh phenolic oxygen of Y þ 3 within the PPXY motif and Nd1 imidazole nitrogens of H192 and H251 located respectively within WW1 and WW2 domains is observed to be highly unstable in both cases (Fig. 6c) , albeit with subtle differences. This finding implies that the hydrogen bonding contact between Hh atom of Y þ 3 with Nd1 atom of H192 and H251 is highly compromised and that such instability is likely to confer a level of flexibility upon both WW complexes.
While our thermodynamic analysis reveals that non-consensus residues within and flanking the PPXY motif do not appear to be critical for the binding of WW domains (Tables 2 and 3) , it is nonetheless conceivable that these residues may engage in transient interactions. Notably, our structural models presented above suggest that non-consensus residues such as V À 3, L À 2 and R þ 6 may play an accessory role in buttressing the WWepeptide complexes (Fig. 4) . To test this hypothesis further, we also assessed the stability of intermolecular contacts between non-consensus residues within PPXY motif and WW domains (Fig. 7) . As shown in Fig. 7a , the potential van der Waals contact between Cg1/Cg2 methyl carbons of V À 3 within the PPXY motif and Cd1/Cd2 indole carbons of W199 and W258 located respectively within WW1 and WW2 domains is marked by intermolecular distance fluctuating between 5 and 10 A. A similar trend is also observed for the der Waals contact between Cd1/Cd2 methyl carbons of L À 2 within the PPXY motif and Cd carbons of Q186 and E245 located respectively within WW1 and WW2 domains. On the other hand, the potential hydrogen bonding contact between Nh1/Nh2 guanidine nitrogens of R þ 6 within the PPXY motif and Oε1/Oε2 carbonyl oxygens of E178 and E237 located respectively within WW1 and WW2 domains appears to be highly unstable at the start of the trajectory but slowly achieves some level of stability at equilibrium. Collectively, these observations imply that the intermolecular interactions between non-consensus residues flanking the PPXY motif and WW domains are at best transient in nature in remarkable agreement with our thermodynamic and structural data.
Conclusions
While the role of YAP as a transcriptional co-activator of ErbB4 is well-documented [3, 4] , little is understood about the molecular basis of this proteineprotein interaction. Given their antagonistic roles in a diverse array of cellular signaling, with ErbB4 promoting oncogenic pathways [39e46], while YAP mediating the Hippo tumor suppressor pathway [11e18], the importance of understanding the YAPeErbB4 interaction at molecular level could not be overemphasized. Toward this goal, our biophysical analysis presented herein provides new insights into YAP2eErbB4 interaction. In particular, our study shows that all three PPXY motifs located within the ICD of ErbB4 act as bona fide binding sites for the WW domains of YAP2. However, both WW domains display a slight preference for the C-terminal PY3 motif. Nonetheless, this finding strongly argues that these multiple docking sites within the ICD may positively cooperate with the tandem WW domains to mediate the YAP2eErbB4 interaction in a multivalent manner. Such a tempting scenario would clearly synergize this key proteine protein interaction and thereby could result in an affinity much higher than that reported here for individual pairs of WW domains and PPXY motifs within the context of cellular environment. Our future efforts will be directed at unraveling the role of multivalent interactions in driving the assembly of YAP2eErbB4 signaling complex.
Notably, the affinities observed here for the binding of WW domains of YAP2 to ErbB4 are in line with the canonical binding of WW domains to their cognate PPXY motifs, which typically lie in the tens of micromolar regime [34,47e49,38] . On the other hand, the fact that non-consensus residues within and flanking the PPXY motifs located within ErbB4 do not appear to be critical for the binding of WW domains of YAP2 seems to be an exception rather than a rule in the context of WWePPXY interactions. Recent work from our lab has shown that WW domains of YAP optimally bind to the PPXYXG motif within WBP2 signaling adaptor [20] , thereby implicating a key role of a non-bulky and flexible glycine residue at the þ5 position located outside the PPXY motif. On the other hand, the WW1 domain of WWOX recognizes the PXPPXYY motif within WBP2 with optimal affinity [50] , implying that flanking proline and tyrosine respectively at the À2 and þ4 positions buttress the WWOXeWBP2 interaction. It is noteworthy that the TVV motif spanning the last three C-terminal residues and located immediately C-terminal to PY3 motif in ErbB4 represents a docking site for PDZ-containing partners of ErbB4 at neuronal synapses [51] . While it has not been possible to explore how the binding of PDZ domains to ErbB4 would affect the binding of WW domains of YAP2 and vice versa in this study, we suspect that they in all probability would bind in a competitive and mutually-exclusive manner due to steric hindrance as a result of the close proximity of TVV and PY3 motifs. In light of the knowledge that several PDZ-containing adaptors have been shown to regulate shuttling of proteins from the cytoplasm to the cell nucleus [52] , it would indeed be interesting to conduct detailed analysis on the extent of competition between WW domains of YAP2 and PDZ proteins for binding to ErbB4 and how such competition affects cellular homeostasis.
Importantly, our structural and dynamic analysis of WW domains in complex with PPXY motifs lays the framework for understanding YAP2eErbB4 interaction at atomic level with potential for the design of novel therapies, particularly in light of the increasing role of ErbB4 in the development of human cancer [39] . In this regard, two promising approaches have recently emerged in terms of regulating YAP-ligand complexes. Firstly, in silico predictions have suggested two small compounds with potential to disrupt WWepeptide complexes of YAP though they have not been verified experimentally. These include digitoxin and endohedral metallofullerenol [53e55] . While digitoxin is a cardiac glycoside used in the treatment of congestive heart failure and cardiac arrhythmia [56] , endohedral metallofullerenol has been shown to inhibit tumor growth [57] . Since these are small molecules with hydrophobic character they spontaneously cross cell membrane and thus harbor great potential for the development of anti-cancer therapies. Importantly, our work bears implications on the optimization of these small compounds or development thereof of similar compounds specifically targeting the YAP2eErbB4 interaction in cancer cells. Secondly, exogenous expression of WW1 domain of YAP2 has been shown to inhibit GAG-PPXY mediated budding of Rous sarcoma virus [58] . Moreover, a growing body of data suggest that the new adenovirus-based vectors with PPXYcontaining dodecahedron proteins may provide an efficient system for delivering WW domains to cells at high efficiency [59, 60] . With these new tools at our disposal, it may also become feasible to deliver engineered WW domains to cancer cells so as to inhibit the YAP2eErbB4 interaction.
Health of Pennsylvania (to MS). CBM is a recipient of a postdoctoral fellowship from the National Institutes of Health (Award# T32-CA119929).
